Modulated yellow lasers may enable more efficient photocoagulation for treatments of ophthalmic diseases. In this regard, we present a laser system emitting 2.7 W of true-yellow light at 576 nm by frequency doubling the emission of a tapered diode laser emitting 7 W at 1153 nm. The frequency doubling is based on a single-pass configuration using a cascade of two 40-mm periodically poled lithium niobate (PPLN) crystals. The stabilization of the yellow power over 10 h showed a standard deviation of 0.10% and a relative intensity noise of 0.032% rms. Moreover, we demonstrate the generation of yellow pulses with 900 mW of amplitude and a high extinction ratio in the microsecond and millisecond regimes, as required for photocoagulation.
Introduction
High-brightness yellow lasers are seen as the next step in medical laser treatment of various diseases. Traditionally, most eye surgeries and eye treatments have been conducted by using green laser light to control blood coagula-5 tion [1, 2] . However, the optimal wavelength for a particular photocoagulation application depends on the absorbers that are present in the area to be treated. For instance, using yellow light at 576 nm entails two advantages. First, it spectrally matches the main absorption peak of oxy-10 genated hemoglobin. Second, for those patients suffering from cataracts, melanin absorption is lower than when using green light. These two characteristics make treatments involving longer wavelengths such as yellow light at 576 nm more efficacious [3] . The use of yellow lasers is not limited 15 to medical treatments, it can also be beneficial in medical imaging, for instance, to excite fluorescent markers in Stimulated Emission Depletion Microscopy (STED) [4] .
Yellow emission using semiconductor lasers can benefit from their well-known advantages, i.e., high electro- 20 optical conversion efficiency, compactness, and simplicity. Despite the recent advances reported for semiconductor lasers emitting at the yellow-orange range [5, 6] , the attained output power of few mW is still far from the required levels, usually in the Watt-range. This limitation 25 has typically been circumvented by means of nonlinear processes such as second harmonic generation (SHG) or * Corresponding author: Mariafernanda Vilera, mvilera@norlase.com sum frequency generation (SFG) on several technologies, such as diode pumped solid state (DPSS) lasers, Raman lasers, fiber lasers and optically pumped semiconductor 30 lasers (OPSL).
DPSS lasers have reached more than 1 W in the yelloworange range [7, 8, 9] but at expenses of a low optical to optical conversion efficiency ( 10%). Raman lasers can also generate Watt-level yellow light together with a good beam 35 quality [10, 11] , although they suffer from a low conversion efficiency, as in the case of DPSS lasers. Fiber lasers have shown outstanding performances with tens of Watts of yellow light and excellent beam quality [12, 13, 14] . However, these systems are rather complex and expensive, limiting 40 their widespread use. OPSL lasers are promising sources thanks to the available wavelengths, tunability and modulation capability. They have demonstrated more than 8 W and 20 W at 578 nm [15] and 588 nm [16] . In spite of this, they require adequate and careful heat dissipation to 45 manage such high-output power since only a fraction of the pump energy is converted to the desired wavelength [17] .
Yellow emission can also be obtained by direct frequency doubling of diodes lasers. For efficient visible generation, the diode laser should emit a single longitudi-50 nal and lateral mode, exhibit spectral stability and good beam quality. Tapered diode lasers can successfully fulfill these requirements. Moreover the recent development of these devices at other infrared wavelengths such as 1154 nm [18] opened the possibility of addressing new visible 55 wavelengths, in particular, at the yellow range. For instance, 860 mW of yellow light were generated by direct doubling the emission of a tapered diode laser in a waveg-uide non-linear crystal [19] . Almost simultaneously with this work, 1.6 W at 576 nm were reported in [20] by dou-60 bling the emission of a hybrid all-semiconductor masteroscillator power-amplifier (MOPA). Although this result represents a noteworthy improvement in the attained yellow power, most of the commercial lasers used for photocoagulation deliver the expected power of 2 W [21] and therefore laser systems providing higher powers such as 2.7 W are needed to overcome potential system losses. From a technological point of view, the realization of miniaturized systems based on compact hybrid MOPAs is appealing, but the manufacturing and assembly process for placing 70 the micro-optics and for coupling the light from the MO into the PA is challenging since nanometric tolerances are required.
For the previously mentioned technologies, Figure 1 depicts the attained power at the yellow-orange range as 75 a function of the optical to optical conversion efficiency. In dashed line, the latest power level achieved in [20] by a diode-based frequency doubling system. It is clear that within the diode-based technologies, our laser system shows an enhanced performance in terms of both power and con-80 version efficiency. Preliminary CW results of a 1-W yellow laser were reported by our group in [22] . In this work, we significantly increase the yellow output power up to 2.7 W while maintaining the near-diffraction-limited beam quality. This power increase drives our technology to power levels delivered by DPSS and Raman lasers but in addition, our laser system provides a higher conversion efficiency thus a clearly superior performance. Moreover, we report for the first time the generation of yellow pulses with 900 mW of peak power in the microsecond and mil-90 lisecond regimes. This represents an increase of almost 4 times the yellow peak power achieved in [23] Figure 3 shows the SHG power as a function of the fundamental IR power for each crystal and for both in a cascaded configuration. The fundamental IR power was changed by sweeping the TA current. For each point of the curve, the temperature of the first and the second crystal, T C1 and T C2 respectively, were tuned to phase match both of them (cascaded) or only one of them at a time. The SHG power is expected to depend on the square power of the fundamental IR light (dashed lines). The small disagreement between the expected and the measured power light represents the highest power generated in the yellow spectral region by direct frequency doubling the emission of a diode laser. In line with previous works, the cascaded SHG power is higher (∼29%) than the sum of the attained powers by the individual crystals. The optical-to-optical efficiency was ∼39%, whereas the wall-plug efficiency was 9.1% when considering the cooling and total consumption of the tapered diode laser and the heating of the crystals. At this condition, the laser system exhibits single-mode emission at 576.3 nm with a high side-mode suppressionratio (SMSR) (> 19 dB). The spectral width of ∼4 pm was limited by the resolution of the optical spectrum analyzer (OSA Advantest, Q8347).
Experimental setup
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The SHG light beam was characterized using a beam profiler (Ophir Photonics, Spiricon M2-200s). Figure 5 The long-term stability of the SHG power was also investigated by means of an active feedback loop that tuned the temperature of the crystals while the tapered diode laser was kept at fixed injection conditions. This ensures 180 that the modal quality of the tapered diode laser remains unchanged. Figure 6 shows the SHG power over 10 hours with a sampling period of 1 sec. The standard deviation was 2.064 mW, corresponding to 0.10% of the mean power (2 W).
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The noise characteristics were measured according to the experimental method described in [26] . Figure 7 depicts the amplitude power spectral density (PSD) at 2 W (gray line) together with the detection limit of the setup (black line). The integrated relative intensity noise (RIN) 190 defined as the root mean square of the integrated PSD over a range of frequencies ([100 − 10M] Hz) is also shown. The integration range was set up to 10 MHz, value at which the amplitude signal equals the detection limit. The low RIN of the laser system is the result of the RIN of the low 195 noise current supply (Norlase Aurora One) transferred to the tapered diode laser, and subsequently, to the second harmonic light. The total integrated RIN of 0.032% is in the same order of magnitude as the RIN values reported in low-noise commercial visible lasers (∼0.02%) [26, 27] . 
Modulation
The modulation of the second harmonic light is essential to address medical applications that are currently demanding microsecond and millisecond pulses [28, 29] . In this regard, laser systems as described here can benefit 205 from the inherent ability of diode lasers to be modulated over a wide range of frequencies. In practice, the direct modulation of the diode lasers gives rise to thermal fluctuations, which in turn modifies the refractive index and thus the emission wavelength. The difficulty is then to 210 find an appropriate set of driving conditions at which the wavelength of the fundamental IR emission remains not only within the acceptance bandwidth of the crystals but also within the maximum SHG efficiency throughout the "on-state" of the pulse. Or alternatively, to use modula-215 tion schemes that benefit from the narrow and well-defined acceptance bandwidth, as described in [30] for MOPA devices. In order to illustrate this challenge, we first measure the acceptance bandwidth of both the individual crystals and the cascaded configuration, and we compare it with 220 the expected longitudinal mode hop of the tapered diode laser. Figure 8 shows the normalized SHG efficiency as a function of the wavelength drift of the tapered diode laser. The emission wavelength is 1153 nm. If a mode hop occurs by varying the currents of the tapered diode laser, 225 the SHG efficiency will be reduced 15% for the single crystal (orange line) and 65% for the cascaded crystals (black line). Usually, the sensitivity to mode-hopping of the tapered diode laser in the cascaded configuration precludes the generation of high-power visible pulses together with In our experiment, modulation was achieved by driving the RW section in the CW regime whereas an alternating current was injected into the TA section. The RW current was slightly increased to I RW = 300 mA, value 235 at which the pulses were stable. The alternating current was applied by using a voltage modulation input from the TA current supply (Arroyo Instruments, 4320). Modulation can also be attained by varying only the RW current, with the main disadvantage that the yellow light cannot 240 be completely extinguished. Figure 9 depicts the temporal response for the yellow light in the microsecond (a) and the millisecond (b) regimes when only the first crystal is at phase-matching. The rise and fall times are 15.4 and 8.8 µs, respectively. In the microsecond regime, the smoothing 245 of the pulse shape is due to the frequency response of the driving electronics. In the millisecond regime, ripples at the top of the pulses can be observed. They are attributed to the shift of the fundamental wavelength around the maximum SHG efficiency of the crystal bandwidth. For 250 both regimes, the optical modulation amplitude is almost 900 mW and the extinction ratio is 21 dB. Modulation using both cascaded crystals was possible provided that the maximum I T A < 8 A. For higher values of I T A , the yellow modulation proved to be challenging and is still under 255 investigation.
Conclusions
In this work we present a laser system emitting 2.7 W of true-yellow light at 576 nm by cascaded frequency doubling of a tapered diode laser. The measurement of the beam profile of the second harmonic light shows beam quality factors of M 2 4σ of 1.14 and 1.05 for the slow and fast axis, respectively. The stabilization of the second harmonic light during 10 hours exhibits a standard deviation of 0.10% over 2 W. The integrated relative intensity noise 265 from 100 Hz to 10 MHz is 0.0342%, comparable to the typical values for low-noise yellow lasers. We also demonstrate the generation of high-power yellow pulses of 900 mW of amplitude for the microsecond and millisecond regime with an extinction ratio larger than 20 dB. The performance of this yellow laser: Watt-power, good beam quality, low noise, modulation and power stability, has a great potential in future medical laser treatments.
